The regulation of expression of the porin genes of Escherichiu cofi by acid pH was investigated using reporter gene fusions. The ompC-ZacZ gene fusion was expressed in response to acidification of the external medium. The kinetics of P-galactosidase synthesis under acid-induction differed significantly from those obtained under conditions of osmotic stress. The latter led to rapid induction without a lag, followed by establishment of a rate that was equal to the growth rate; acid-induction was frequently preceded by a short lag period, was relatively slow and did not achieve a rate that was in balance with the growth rate. Further, induction of the ompCgene at acid external pH was dependent upon the presence of glucose as sole carbon source; growth with either glycerol or succinate as sole carbon source reduced induction of ompC at acid pH. Osmotic induction was independent of carbon source. The induction of the ompC gene at acid pH was also reduced by addition of CAMP to the growth medium. The p o M s are known to be subject to catabolite repression and our data are consistent with the exposure to acidic pH resulting in progressive changes in the state of catabolite repression. Acidification of the cytoplasm also provoked a rapid induction of the ompC-ZacZ gene fusion. The kinetics of induction resembled the response to osmotic upshock. This response was independent of the identity of the carbon source supplied for growth. The contribution of changes in cytoplasmic pH to the induction of ompC at acid pH is discussed.
Introduction
The mechanisms that allow bacterial cells to respond to environmental stresses have been the subject of intense enquiry in the last 10 years. There are two primary routes now recognized by which environmental stress is signalled leading to changes in gene expression that increase the ability of the cell to survive. The major mechanism for the detection of external stimuli is the two component histidine kinase/response regulator family of proteins (Stock et al., 1989) . One component, which is frequently a transmembrane protein, senses the change in the environment and transmits a conformational change that affects the activity of the protein--histidine kinase domain located at the cytoplasmic face of the membrane. Autophosphorylation of the kinase domain at the expense of ATP is followed by transfer of the phosphate group to the response regulator protein. Many of the response regulators are DNA-binding proteins.
One example of such a system is the EnvZ/OmpR system that regulates the expression of the genes for the outermembrane porins OmpF and OmpC (Mizuno & Mizushima, 1990 ). 
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In Escherichia coli the expression of the porins OmpF and OmpC is regulated by many environmental stimuli including osmotic pressure, temperature and pH. [In addition, it has been observed that the porin genes are also subject to catabolite repression; carbon sources that exert strong catabolite repression lead to expression of the ompC locus (Scott & Harwood, 1980) .] High osmotic pressure, high temperature and acidification of the growth medium result in a switch from the expression of the OmpF porin to the OmpC porin (Mizuno & Mizushima, 1990; Heyde & Portalier, 1987) . This switch has been proposed to arise primarily from changes in the cellular level of the phosphorylated form of OmpR (Mizuno & Mizushima, 1990) . High levels of OmpR-P favour the expression of OmpC porin. The OmpR-P phosphatase component of the EnvZ protein has recently been shown to be inactivated by high cytoplasmic concentrations of potassium glutamate elicited by changes in external osmotic pressure (Tokishita et al., 1990) .
The second major mechanism by which environmental changes effect adaptation is the environmentally controlled change in DNA supercoiling (Drlica et al., 1990; Higgins et al., 1990; Hsieh et al., 1991) . It has been shown that changes in growth rate, osmotic pressure, temperature and anaerobiosis cause changes in the degree of negative supercoiling of the DNA leading to adaptive changes in gene expression ; Dorman et af., 1988; Graeme-Cook et af., 1989). Increases in negative supercoiling of the DNA are observed in cells that are adjusting to high osmotic pressure and to anaerobiosis Graeme-Cook el al., 1989) . Anaerobiosis elicits OmpRindependent expression of the ompC locus (GraemeCook et al., 1989). It has been proposed that changes in DNA supercoiling, elicited by higher osmotic pressure and by anaerobiosis, are synergistic with the changes in OmpR-P in eliciting ompC expression (Graeme-Cook et al., 1989). The precise mechanism by which environmental stimuli influence the degree of negative supercoiling has yet to be determined. However, it is likely that changes in the concentration of molecules in the cytoplasm are the intermediary effectors.
Recently, the ability of bacteria to adapt to acidic pH has been stressed as a potential problem in the design of food preservation regimes (Brown & Booth, 1991) . The present study was undertaken to analyse the changes in porin gene expression during growth at acid pH (Heyde & Portalier, 1987) and to understand how changes in external pH might elicit changes in gene expression. The data point to significant differences between the sensing of external pH and of cytoplasmic pH. From the data we infer that external pH may influence porin gene expression due to pH-elicited changes in the cytoplasmic level of CAMP. The mechanism by which cytoplasmic acidification elicits the change in ompC expression is discussed.
Methods
Bacterial strains. Escherichia coli K12 strains were used throughout : strain 7, prototrophic strain; MC4100, F-(AargF-lac)UI69 araD139 rpsL1.50 relAl ptsF2.5 deoCl thiAflbB.5301 rbsR; MH225, derived from MC4100 Growth medium. Medium S (Ahmed & Booth, 1981) was used throughout. The medium was adjusted to pH 6.0 or pH 7-8 by mixing appropriate volumes of the phosphate buffer. At pH 6.0 NaCl was added to compensate for the change in medium osmolarity caused by the different balance of the potassium and phosphate ions.
Growth and p-galactosidase assay. Growth was monitored by measuring the optical density (OD) at 600 nm in an LKB spectrophotometer. Overnight cultures were diluted into fresh growth medium at the same pH and grown to mid-exponential phase prior to dilution in the test incubation and analysis of gene expression. Weak acids were added from 100-fold concentrated sterile stock solutions pre-adjusted to pH 6.0. NaCl and glucose were used to raise the osmotic pressure and were added from sterile stock solutions. /I-Galactosidase was measured by the method of Miller (1972) using 50 ylO.l% (w/v) SDS and 100 yl chloroform to permeabilize the 100 pl of cells diluted with 900 yl of Z buffer (Miller, 1972) . Controls were conducted with different volumes of cells, SDS and chloroform and no significant deleterious effects were observed with the permeabilization conditions used. The data are presented in the form of units of /I-galactosidase per OD,,, unit as defined by Miller (1 972).
Measurement of cytoplasmic pH. The measurements of cytoplasmic pH were made using [7-'4C]benzoic acid [2 p~ final concentration; 24.4 yCi ymol-l (903 GBq mol-I] and 3 H z 0 [approx. 1 pCi mi-' (37 kBq ml-l)] using a centrifugation-based assay (Ahmed & Booth, 1981) .
Reagents. All reagents were purchased from Sigma; growth media were from BDH and from Oxoid.
Results

pH-regulated expression of the ompC and ompF loci
It has been demonstrated previously that the expression of the porin genes is affected by the pH of the growth medium (Heyde & Portalier, 1987; Heyde et al., 1988) . When cultures of the E. cofi strains MH225 (ompC-lad) and MH513 (ompF-lad) were grown at constant osmolarity at either pH 7.8 or pH 6 a reciprocal relationship in the P-galactosidase of the cultures was observed (Fig. 1) . With strain MH225, P-galactosidase activity increased in cultures grown at acid pH and was essentially constant in cells grown at pH 7.8, while the opposite was observed for strain MH513. The pHdependent change in gene expression did not take place immediately on initiation of growth at the new pH. Dilution of cells to an OD600 of 0.05 was followed by rapid growth at a rate that was independent of the external pH. Only when the cells had accomplished several generations at pH 6 was a change in the expression of the ompC locus noted. The synthesis of Pgalactosidase took place at a rate faster than that of growth and the rate of synthesis did not diminish even when the cells were diluted in mid-exponential phase and grown in fresh growth medium (Fig. 1) .
The pattern of gene expression differed from that observed when cells were subjected to an osmotic upshock (Fig. 2) . The addition of @ 2~-N a C l increased P-galactosidase levels rapidly as expected for expression of the ompC gene and osmotic induction was not affected by the pH of the growth medium (Fig.2) . However, osmotic induction was considerably faster than acidinduction of ompC (Fig. 2) . After three generations at the higher osmolarity, the rate of synthesis of P-galactosidase slowed to parallel the rate of increase in biomass (Fig. 2) . When these cells were diluted into fresh growth medium at the same osmolarity and pH constant levels of /Igalactosidase were observed, indicating complete adaptation to the new growth environment (Fig. 2) . In contrast, cells in which the ompC gene was induced by An overnight culture of strain MH225 was grown to mid-exponential phase at pH 7.8 and then diluted into fresh growth medium at either pH 6 with ( 0 ) or without ( 0 ) addition of 0.2 M-NaCl to induce the ompC gene, or medium at pH 7-8 containing 0.2 M-NaCl (H). Once the culture grown at pH 6 with 0.2 M-NaCI had reached OD,,, = 0.7 the culture was diluted to OD6,, = 0.05 with pre-warmed medium of the same composition (arrow) and sampling continued u). The analysis of growth and P-galactosidase activity was conducted as described for Fig. 1 . acid pH alone did not appear to adapt in that the rate of P-galactosidase expression did not diminish even after dilution into fresh growth medium at the same pH (Fig.  la) . This suggests that there may be physiologically distinct mechanisms controlling the level of expression of the ompC gene under the two different environmental conditions. Fig. 1 . Effect of pH on the expression of OmpC and OmpF. Overnight cultures of (a) strain MH225 (ompC-lac3 and (6) strain MH513 (ompF-lad), grown at pH 7.8 and pH 6.0, respectively, were diluted into fresh growth medium at either pH 6.0 (filled symbols) or pH 7.8 (open symbols) to give an OD,oo of 0.05. The new cultures were incubated at 37 "C in a shaking incubator and samples removed at intervals and analysed for growth (OD,,,) and Bgalactosidase activity. After four generations growth at pH 6 (arrow) the strain MH225 culture was diluted into fresh growth medium ( 0 ) and the incubation and analysis continued.
Influence of carbon source on pH-regulated changes in gene expression
Growth rate is lowered by an increase in the osmolarity of the growth medium. In order to control for this variable, we varied the carbon source to slow the growth rate of strains MH513 and MH225 and monitored the effect on P-galactosidase at pH 6. Growth of cells of strain MH225 (ompC-lacZ) at pH 6 with either glycerol or succinate as sole carbon source lowered the growth rate as expected, but suppressed the synthesis of Pgalactosidase compared with growth on glucose. With succinate, there was no significant change in pgalactosidase expression over several generations, while with glycerol the rate of synthesis of P-galactosidase was reduced compared with glucose (Fig. 3) . In the parallel experiment, expression of the ompF gene in strain MH513 was increased by substitution of glycerol for glucose as carbon source (Fig. 3) . Thus, the pHdependence of porin expression is only evident when glucose is the sole carbon source.
This pattern implied that catabolite repression might be involved in the pH-dependent expression of the porins since the CAP (catabolite activator protein)-CAMP system has been shown to alter the regulation of porin synthesis (Scott & Harwood, 1980) . The effect of cAMP (1 mM final concentration) addition to glucose-grown cultures of strains MH513 and MH225 at pH 6 was investigated (Fig. 4) . It was clear that addition of cAMP reduced the synthesis of P-galactosidase from the ompC promoter. However, despite the obvious response of cells of MH5 13 to the change of carbon source from glucose to glycerol (Fig. 3) we were unable to see any stimulation of ompF-lac2 expression in parallel incubations of cells with glucose and cAMP at pH 6 (data not shown). The rapid induction of ompC expression in response to an osmotic upshock was independent of the carbon source in the growth medium (data not shown). In conclusion, most of the data point to the pH-dependent change in porin expression arising as a consequence of subtle changes in the state of catabolite repression in cells growing at pH 6.
Cytoplasmic acidification leads to increased expression of ompC
Whilst seeking for the mechanism by which cells sense changes in external pH, we investigated the effect of changes in cytoplasmic pH on ompC expression. The cytoplasmic pH of E. coli cells varies by approximately 0.1 pH unit per pH unit change in the environmental pH (Ahmed & Booth, 1981) . Further, glucose metabolism leads to the production of acetate during growth, which at low pH could lead to a reduction of cytoplasmic pH as growth proceeds and acetate accumulates in the medium. Whether changes in cytoplasmic pH could result in alterations in gene expression was investigated by the addition of two weak acids, acetic acid and benzoic acid, to the growth medium. Cells of strain MH225 were grown at pH 6 in the presence of either sodium acetate or sodium benzoate at concentrations sufficient to cause 40% inhibition of the growth rate (maximum concentration 8 mM-acetate -p = 0.44 h-' ; 1.5 mM-benzoatep = 0.48 h-' ; control p = 0.74 h-l). Cultures grown in the presence of the weak acids achieved steady state internal pH (pH,) values between pH, 7.6 & 0.2 (no acetic or benzoic acid) and pH, 6.9 0.2 (8 mM-aCetiC acid or 1.5 mM-benzoic acid). Acidification of the cytoplasm provoked a rapid increase in the expression of the ompC locus. The rate of expression of P-galactosidase increased as the internal pH was lowered by the addition of higher concentrations of the weak acid (Fig. 5) . In contrast to the effect of external acidification alone (Fig.  1 a) , with the highest concentration of weak acid tested, P-galactosidase activity increased rapidly but then achieved a balance with growth approximately three generations after the addition of a permeant acid (Fig. 5) . The highest concentrations of weak acid investigated elicited a change in expression similar to that seen with an osmotic upshock, whilst lower concentrations gave a slower response that was still faster than that seen without addition of the weak acid. The increase in ompC expression elicited by addition of acetate and benzoate was not dependent upon the nature of the carbon source for growth; substitution of glycerol for glucose did not prevent induction of the ompC locus by acetate or benzoate. Thus, the data point to the ability of the cell to sense quite small changes in cytoplasmic pH and also show that such small changes can be sufficient to effect changes in gene expression. Expression of the proU locus at acid p H
The sensitivity of the ompC locus to a variety of stresses lead us to investigate the response of theproUlocus to pH stress. The regulation of this locus by osmotic stress is still the subject of controversy; however, most workers agree that an increase in DNA supercoiling is required to effect gene expression and that potassium glutamate may affect the promoter specificity of RNA polymerase Prince & Villarejo, 1989) . Expression of proU-lac2 was monitored at a moderate osmotic pressure (medium S plus 0-2 M-NaCl) to give intermediate levels ofproU expression (Cairney et al., 1985) , which would allow the detection of pH-induced increases or decreases in proU expression. Growth of strain GM37 (proU-lacZ) at pH 6 in the presence of 0.2 M-NaCl depressed the synthesis of /?-galactosidase compared with similar cultures grown at pH 7.8 (Fig. 6) . A further reduction in the expression of the locus occurred when benzoic acid (1.5 mM) was added to the growth medium at pH 6 (Fig. 6) . The effect of acid conditions appeared to be primarily on the steady state level of expression of the locus since the differential rate of synthesis of /?-galactosidase was similar in all three incubation conditions. Changes in proU in response to osmotic upshock are believed to be consequent upon the accumulation of potassium glutamate (Sutherland, et al., 1988; Booth & Higgins, 1990) . Thus, parallel measurements of potassium accumulation under the different growth conditions were undertaken ; these studies revealed no significant differences that might account for changes in proU expression (data not shown). 
Discussion
Our studies relate only to the expression of the three loci ompF, ompC and pro U as a consequence of changes in the external and cytoplasmic pH. It has been established previously that the ompC locus is induced by growth of cells at acidic pH values (Heyde & Portalier, 1987; Heyde et al., 1988) . In the present study, we have shown that the pH-induced expression of the ompC locus is dependent upon the carbon source in the growth medium, that there are qualitative differences in the activation of ompC by osmotic pressure and external pH and that the ompC locus also responds to acidification of the cytoplasm. In this instance the response is very similar to that observed when the osmotic pressure is raised. The change in porin gene expression mediated by external pH was only seen when glucose was the carbon source, although earlier workers also noted this change in cells growing on complex media (Heyde & Portalier, 1987; Heyde et al., 1988) . From the time-course of the change in gene expression it is clear that the pHdependent expression of the porins is a very subtle effect requiring several generations at the low pH before it is manifested. This may indicate that it is the accumulation of a signal or the removal of an inhibitor that is sensed.
